A photoinduced discharge X-ray detector using photoconductors: influence of the material selection on the electronic properties. ABSTRACT: We developed a novel direct X-ray detector using photoinduced discharge (PID) readout for digital radiography. The pixel resolution is 512 × 512 with 200 µm pixel and the overall active dimensions of the X-ray imaging panel is 10.24 cm × 10.24 cm. The detector consists of an X-ray absorption layer of amorphous selenium, a charge accumulation layer of metal, and a PID readout layer of amorphous silicon. In particular, the charge accumulation is pixelated because image charges generated by X-ray should be stored pixel by pixel. Here the image charges, or holes, are recombined with electrons generated by the PID method. We used a 405 nm laser diode and cylindrical lens to make a line beam source with a width of 50 µm for PID readout, which generates charges for each pixel lines during the scan. We obtained spatial frequencies of about 1.0 lp/mm for the X-direction (lateral direction) and 0.9 lp/mm for the Y-direction (scanning direction) at 50% modulation transfer function.
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Introduction
Recently, there have been several proposals for X-ray detectors using PID readout for low noise and high resolution because these do not use an active matrix array (AMA) [1] [2] [3] . These include the photoconductively activated switching (PAS) readout method and the non-pixelated dual photoconductor (NPIXDP) readout method, which have already been proposed by D.M. Hunter [4] . To improve charge transit time, the lateral electrode structure of PAS is modified to a vertical electrode structure using the photoinduced discharge (PID) method. The NPIXDP separates an X-ray photoconductive layer and a PID readout layer to eliminate surface carrier scattering in the PAS operation and insert a charge accumulation layer between the X-ray photoconductive layer and the PID readout layer to store image charges of the X-ray. In the case of NPIXDP, pixel resolution in the lateral direction is physically defined by a pair of stripe electrodes, opaque and transparent electrodes. Thus the lateral resolution is limited by the lithography and fabrications. But the other resolution in the scan direction depends on the line beam width of an optic scan module and data acquisition time. Computed radiography (CR) uses optical to optical conversion readout by using a focused laser beam scan method by Galvano mirror (or polygon mirror) and photomultiplier tube (PMT). However, the PID readout of the NPIXDP is based on optical to electrical conversion and, therefore, the detector needs a line beam source with width as narrow as the pixel size and the one row image charges could be read simultaneously. In this paper, we developed a novel direct X-ray detector with a pixelated metal accumulation layer for PID readout. The pixel resolution is 512 × 512 with 200 µm pixel. We also developed the narrow line beam source for a PID readout X-ray detector by using a 405 nm laser diode (LD). The line width is less than 50 µm, which is narrower than the pixel size. The properties satisfy the requirement of line beam sources for the PID readout sources. 2 X-ray detector structure 2.1 PID readout X-ray detector Figure 1 shows (a) the schematic diagram and (b) the operation principle of PID readout X-ray detector. The PID readout X-ray detector consists of three layers for each function: (1) conversion from X-ray photons to electron-hole pairs (EHPs), (2) charge accumulation (3) PID readout. Therefore, the first layer from the top is the X-ray absorption layer that is made of a photoconductive material such as amorphous selenium (a-Se). The EHPs are generated in the X-ray absorption layer by X-ray photons and separated by the external electric field. The second pixelated metal layer functions as the hole accumulation layer in each pixel since the metal is separated in pixel by pixel and surrounded by wide band-gap materials (a-Se and a-Si) and behaves like a potential well. The a-Se and amorphous silicon (a-Si) are of band-gap 2.25 eV and 1.72 eV respectively, which is enough to support a potential barrier to accumulate holes in the pixelated metal layer. The third is a PID readout layer where a photocurrent is generated by a 405 nm laser diode and recombines the accumulated charge in the metal layer. We used 500 nm thick amorphous silicon as the PID readout layer, which was deposited by plasma-enhanced chemical vapor deposition (PECVD). In the case of a-Si, 99% of light intensity is absorbed within a depth of 130 nm from the irradiation surface by Beer-Lambert law because the absorption coefficient of the a-Si is about 1.6 × 10 5 cm −1 at a wavelength of 405 nm and at room temperature [5] . When the light is exposed on the PID readout layer, the accumulated charges (holes) can be recombined with electrons and the corresponding opposite remaining charges (holes) are readout through the transparent electrode data line.
405 nm laser diode based line beam module
To readout the image charges in the charge accumulation layer, we designed the line beam source using a 405 nm LD of TO-18 package because the wavelength is shorter than the silicon band edge wavelength of 720 nm and the absorption coefficient is high enough for the light to be completely absorbed within the thin amorphous silicon layer; it is well known that deposition of a thick a-Si film is difficult using PECVD. To recombine the accumulated charge in the metal layer in each pixel, the generated charge in the a-Si layer by a 405 nm laser diode for the duration of line beam scan should be larger than the accumulated charge, Q X-ray < Q 405 nm laser diode . This quantity depends on the quantum efficiency (QE) of amorphous silicon at the wavelength of 405 nm (QE ∼ 0.54 [5] ). The line beam source generates photocurrent in the PID readout layer to recombine the accumulation charges. 3 Results and discussion Figure 3 (a) shows a raw X-ray line phantom image and (b) its average modulation transfer function (MTF) curves and sinc function of the PID readout X-ray detector. The defect lines are attributed to arise from the tab bonding process failure. The radiation condition is 60 kV, 0.5 sec and the scan time is 2 sec to read 512 row lines, and optical power per pixel is 0.1 µW. We calculated MTF from the line spread function (LSF) by Fourier transforms in the spatial frequency domain using the line phantom image. The LSF could be obtained by differentiating the edge spread function (ESF) [6] . Spatial frequencies at MTF 50% are about 1.0 lp/mm for the X-direction (lateral direction) and 0.9 lp/mm for the Y-direction (scan direction). The spatial frequencies at MTF 10% are about 2 lp/mm for the X-and Y-directions. The Nyquist limit is 2.5 lp/mm. The MTF shows that the directional dependence is due to the bottom electrode line defining the resolution in the X-direction and the width of the line beam and pixelated floating metal. This result shows the possibility of hole-mode PID readout X-ray detector using the pixelated metal as the charge accumulation layer unlike the previous studies of the electron-mode using electron trap layer like As 2 Se 3 [1] [2] [3] . The hole-mode PID method is meaningful since hole has a higher mobility-lifetime product value in a-Se. The PID method has an advantage for high resolution and low noise application such as mammography because it does not have to fabricate an AMA like TFT and CMOS and, therefore, there is not AMA's electrical noise [1] [2] [3] . This feature shows higher signal-to-noise ratio (SNR) and higher detective quantum efficiency (DQE) compared with CsI/a-Si TFT detector [7] .
